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The objective of this study was to develop a suitable method for determining the effective diffusion coef-
ﬁcient of water in banana (Prata variety) from experimental data of osmotic dehydration (OD) and using
this coefﬁcient for predicting dehydration of the same sample under other situations. Different methods
were compared in order to determine the best coefﬁcient to be used in the predictive models. The ana-
lytical solution of the diffusion equation allowed estimating averaged values of coefﬁcients between the
initial moisture and the average sample moisture at a given instant. The numerical method allowed esti-
mating how the effective diffusion coefﬁcient varies with the moisture. The models prediction ability
were validated using a dehydration data set not used for estimating the diffusion coefﬁcients. The use
of the diffusive model with a coefﬁcient that depends on the moisture content has the best predictive
ability, because it takes into account that the coefﬁcient decreases during the OD.
 2013 Elsevier Ltd. All rights reserved.1. Introduction Literature presents mathematical models for OD based on ther-Osmotic dehydration (OD) consists of partial removal of water
from cellular tissues by the immersion of a food (vegetables, fruits,
meat) in a hypertonic aqueous solution. During the osmotic pro-
cess, the mass transfer (MT) in plant tissues is complex, being inﬂu-
enced by the cell wall structure. The driving force for the
dehydration is the higher chemical potential of water in the food
cells in relation to that in the osmotic solution (OS). In contrast,
the chemical potential of the solute in the OS is higher than in the
food cells. Thus, there are two simultaneous ﬂuxes, i.e., water from
the food to the solution, and solutes from the OS to the food. Since
the cell membrane is not perfect, selective leaching of solutes from
the cells to the OS can also occur (Torreggiani, 1993).
Despite being a technology extensively studied, there is still
great interest in better understanding the phenomena and descrip-
tion of the involved mechanisms. Mathematical modeling can be a
useful tool for understanding the kinetics of OD, as shown by the
works of Yao and Le Maguer (1996, 1997a, 1997b). These authors
present a conceptual model of plant cell structure and the corre-
sponding mathematical model. Yet, they present a procedure for
solving the models in order to determine the concentration proﬁles
in the cell tissues undergoing OD. The parameters investigated in-
cluded concentration of OS, molecular mass of solute, permeability
of cell membrane, and the initial void ratio of plant tissue.modynamics of irreversible processes (Seguí et al., 2010, 2012) and
on the Fick’s law and histological observations of the cellular tissue
(Spiazzi and Mascheroni, 1997). A microscopic view has the advan-
tage of more accurate understanding of mass transfer phenomena
that occur during the OD, since the properties of the heterogeneous
tissue are considered. However, most of these models are complex
and not easy to use, requiring the use of difﬁcult to measure
parameters such as cell characteristics, tensile modulus and void
fraction in the cell wall, tortuosity, membrane permeability, among
others. It is therefore common the use of macroscopic approaches
to the development of models that are able to represent appropri-
ately the mass transfer during OD in a simpliﬁed manner.
Most research assumes that the OD is macroscopically governed
by Fick’s Law, which is used for estimating average diffusion coef-
ﬁcients of water in the food through different methods (Hough
et al., 1993; Ertekin and Sultanoglu, 2000; Rastogi and Raghavarao,
1997; Rastogi et al., 1997; Ferrari et al., 2005 among others).
Hough et al. (1993) solved the diffusion equation numerically
using Crank–Nicolson method, and developed a simpliﬁed model
to describe the OD of apples. The value found for the effective dif-
fusion coefﬁcient of water in the fruit was approximately 2.0 
1010 m2 s1 for the different samples. The same method was used
by Ertekin and Sultanoglu (2000) to investigate the OD of apples,
using different temperatures, dehydrating agents, and solution
concentrations. They estimated the equilibrium concentrations
using the empirical model of Azuara (Azuara et al., 1992). The val-
ues found for the effective diffusion coefﬁcient of water through
the apple ranged between 1011 and 1010 m2 s1, depending on
the experimental conditions. Silva et al. (2012) estimated the diffu-
Nomenclature
A constant in DX model (m2 s1)
aw water activity
B constant in DX model (m2 kg kg1 s1)
Bi mass transfer Biot number
C constant in DX model (m2 s1)
D constant in DX model (kg kg1)
D effective diffusion coefﬁcient (m2 s1)
D average effective diffusion coefﬁcient (m2 s1)
DX effective diffusion coefﬁcient as a moisture content
function (m2 s1)
DX average effective diffusion coefﬁcient between initial
moisture content and moisture content at time t
(m2 s1)
E average error between experimental data and predicted
values, in percentage
J0 order zero Bessel function of the ﬁrst kind
J1 order one Bessel function of the ﬁrst kind
L half thickness of sample (m)
ML mass loss (kg kg1), in percentage
MSE Mean Square Error
MT mass transfer
N number of data
OD osmotic dehydration
OS osmotic solution
P number of parameter
R radial coordinate (m)
R radius of the sample (m)
SG solids gain (kg kg1), in percentage
T time (s)
W sample mass after osmotic dehydration (kg)
w0 mass of non-treated sample (kg)
WL water loss (kg kg1), in percentage
ws dry solids mass in the sample after osmotic dehydration
(kg)
ws0 dry solids mass in the non-treated sample (kg)
ww water content in the sample (kg)
ww0 Water content of non-treated sample (kg)
X axial coordinate (m)
X moisture content in dry basis (kg kg1)
Xe experimental moisture content in dry basis (kg kg1)
Xp predicted moisture content in dry basis (kg kg1)
Greek letters
P concentration of water in the sample (kg m3)
qi Initial concentration of water in the sample (kg m3)
qs water concentration in the surface of the samples in
equilibrium with the osmotic solution (kg m3)
q average concentration of water in the sample (kg m3)
cn nth root
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method, using average moisture contents. The optimization meth-
od of Levenberg–Marquardt and the differential evolution algo-
rithms were used for estimating the diffusion coefﬁcient, which
values ranged from 1.558  1010 m2 s1 to 1.771  1010 m2 s1.
Rastogi and Raghavarao (1997) investigated the OD of carrots
under different conditions and observed the dependence of the
water diffusion coefﬁcient with the temperature and OS concentra-
tion. This dependency was represented empirically by an Arrhenius
type equation. The water diffusion coefﬁcient ranged between
3.0  1010 and 7.0  1010 m2 s1, depending on the temperature
and sucrose concentration. Similarly, Rastogi et al. (1997) found
values of diffusion coefﬁcients of water in banana (Cavendish) be-
tween 2.43  1010 and 8.50  1010 m2 s1. Although the diffusion
equation do not represent the complexity of the different mass
transfer mechanisms during OD of a food, it has been very useful
to modeling this process (Schmidt et al., 2009).
Other empirical models have been used to describe the mass
transfer during OD processes, such as the model proposed by Azu-
ara et al. (1992). This model is based on a simple mass balance and
allows estimating a pseudo-equilibrium concentration of a solute
in the interface solid–liquid solution. The probabilistic model
based on the Weibull distribution was also used as an equation
suitable for describing the loss of water during the OD of apples
(Cunha et al., 2001).
Literature data of the diffusion coefﬁcients for a same product
are generally averaged (mean values), and exhibit considerable dif-
ferences among them, even for comparable experimental condi-
tions. The use of effective (apparent) diffusion coefﬁcients reduces
all structural effects and physical mechanisms to a single parame-
ter. In this way, to improve the ﬁt of the model to the data, it is rec-
ommended expressing the diffusion coefﬁcient as a function of the
sample moisture (Aguilera et al., 2003).
This paper compares different mathematical approaches to
determine the behavior of the effective diffusion coefﬁcient ofwater in banana fruit subjected to osmotic dehydration. The inﬂu-
ence of fruit moisture content on the water diffusion coefﬁcient
was investigated, as well as the predictive ability of the diffusion
model, using the ‘different’ water diffusion coefﬁcients determined
from a data set of OD experiments. The models were validated
using a new data set, obtained from different experiments, which
were not used for estimating the model diffusion coefﬁcients.2. Materials and methods
2.1. Banana samples and osmotic solution
Banana (Musa Sapientum L., Prata variety) was purchased in a
local market (Florianópolis, SC, Brazil). The fruits were selected
based on their appearance and state of ripeness, which was evalu-
ated from soluble solids content using a digital refractometer
(AR200 Reichert, USA) and from the resistance to penetration using
a penetrometer (Effegi, model FT 327-8mm, Italy). The soluble sol-
ids content were 23.1 ± 1.4 Brix (average ± standard deviation).
Selected fruits were peeled manually before use and sliced to
5 mm and 10 mm of thickness with a diameter of approximately
30 mm.
Osmotic solutions were prepared with commercial sucrose and
distilled water. A mass ratio of 1:30 between fruit samples and OS
was used in all experiments, in order to avoid signiﬁcant changes
on sugar solution concentration during the experiments.2.2. Experimental device
Experiments of OD of banana samples were performed with the
device sketched in Fig. 1. This device consisted of a container
(internal volume of 14.14 dm3) with the temperature controlled
by a thermostatic bath (Quimis, Model Q214M2, Brazil) that circu-
lated water at a constant temperature in its jacket. The osmotic
Fig. 1. Sketch of the experimental device.
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(Atman, Model AT-010, Tsuen Wan, NT, Hong Kong) with nominal
ﬂow rate of 0.333 dm3 s1.
2.3. Experimental procedures
Banana samples were weighed, identiﬁed and kept immersed in
a sucrose solution (65 Brix) by thin nylon nets. The solution con-
centration was determined by a digital refractometer (AR200 Reic-
hert, USA). The OD experiments were conducted for up to 24 h in
stirred solutions at 60 C.
The mass transfer after the treatment was quantiﬁed by deter-
mining water loss (WL), mass loss (ML) and solids gain (SG). The
treated banana samples were removed from the chamber, drained
and carefully dried on ﬁlter paper in order to reduce the solution
adhered on their surfaces. Subsequently, these samples were
weighed and their moisture content determined by the gravimetric
method (AOAC, 2000). All determinations were performed in trip-
licate. The values of SG, WL and ML were calculated through
SG ¼ 100ms ms0
m0
ð1Þ
WL ¼ 100mw0 mw
m0
ð2Þ
ML ¼ 100m0 m
m0
ð3Þ
in whichms is the mass of dry solids at the end treatment,ms0 is the
initial mass of dry sample, m0 is the initial sample mass, mw0 is the
mass of water in the non-treated sample,mw is the mass of water in
the sample to the end of treatment and m is the sample mass after
the treatment.
The water activities in the samples were determined with a
hygrometer (Aqualab Model Series 3, Decagon Devices Inc., Pull-
man, USA). The analyses were performed in triplicate.
2.4. Mathematical model
Fig. 2 schematically represents the system under analysis. The
mathematical model for mass transfer (water transfer) in the bana-
na slice is given by Eqs. (4) (conservation of water in the sample, in
cylindrical coordinates), (5) (initial condition), (6) (axialr
x
2L
2R
Fig. 2. Schematic representation of the banana slices.symmetry), (7) (radial symmetry), (8) and (9) (water concentration
in the banana surface, in equilibrium with the OS).
@q
@t
¼ @
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@q
@x
 
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@r
rD
@q
@r
 
ð4Þ
t ¼ 0; 0 6 x 6 L; 0 6 r 6 R; q ¼ qi ð5Þ
t > 0; x ¼ 0; 0 6 r 6 R; @q
@x
¼ 0 ð6Þ
t > 0; 0 6 x 6 L; r ¼ 0; @q
@r
¼ 0 ð7Þ
t > 0; x ¼ L; 0 6 r 6 R; q ¼ qs ð8Þ
t > 0; 0 6 x 6 L; r ¼ R; q ¼ qs ð9Þ
where q is the water concentration in the banana, qi is the water
concentration in the banana at the initial time, qs is the water con-
centration in the banana surface, in equilibrium with the OS, D is
the effective diffusion coefﬁcient of water in the banana, L is half
thickness of the sample, R is the radius of the sample, x and r are
the axial and radial coordinates, respectively, and t represents time.
This model considers that: there is concentration gradients in
the axial and radial directions, leading to mass diffusion; there is
no shrinkage of the cylindrical slices during the process, i.e., the
thickness 2L and the diameter 2R are constant; the initial moisture
in the sample is uniformly distributed; the resistance to mass
transfer between the sample and the stirred solution can be ne-
glected in comparison with the diffusive resistance within the
sample; there is axial and radial symmetry; the solids ﬂux in the
sample do not interfere in the water ﬂux; the concentration of
the osmotic solution is constant because the ratio sample:solution
is large enough (1:30 in mass).
2.5. Determination of effective diffusion coefﬁcient
In Eqs. (4)–(9) the water concentration in the banana (ratio of
water mass by solid volume) was replaced by sample water con-
tent in dry basis (X), as a consequence of considering the non-
shrinkage of samples. The solution of this system was obtained
from analytical and numerical methods.
Three different approaches were used to estimate effective dif-
fusion coefﬁcients of water in banana: (a) D is the average value
that best represents a set of experimental data, which was deter-
mined by a numerical solution of the diffusive model coupled with
an optimization procedure; (b) DX represents the diffusion coefﬁ-
cient as a function of the sample moisture, determined by the same
numerical procedure used for determining D; (c) DX is the coefﬁ-
cient determined from an analytical solution and each pair of
time–moisture data. The value of DX is supposed to represent the
coefﬁcient between the initial moisture and the moisture after an
elapsed experimental time.
For the approach (b) two functions were proposed to represent
the variation of the effective diffusion coefﬁcient with the moisture
content, as given by
DX ¼ aþ bX ð10Þ
DX ¼ cedX ð11Þ
in which a, b, c and d are constants and X is the moisture content in
dry basis.
2.5.1. Analytical solution
The analytical solution of the two-dimensional model (Eqs. (4)–
(9)) with a constant effective diffusion coefﬁcient can be achieved
B.D.A. Porciuncula et al. / Journal of Food Engineering 119 (2013) 490–496 493by the product of the analytical solution for an inﬁnite slab of
thickness 2L (Eq. (12)) and the analytical solution for an inﬁnite
cylinder of diameter 2R (Eq. (13)), as shown by Crank (1975).
mw
mw0
¼ q qs
qi  qs
¼ 8
p2
X1
n¼0
1
ð2nþ 1Þ2
exp ð2nþ 1Þ2p2 Dt
4L2
 
ð12Þ
mw
mw0
¼ q qs
qi  qs
¼ 4
X1
n¼1
1
c2n
exp c2n
Dt
R2
 
ð13Þ
in which q is the average water concentration in the sample, while
cn is the is nth root of
cn
J1ðcnÞ
J0ðcnÞ
¼ Bi ð14Þ
in which J0 and J1 are the order zero and order one Bessel functions
of the ﬁrst kind, respectively, and Bi is the mass transfer Biot Num-
ber, deﬁned as the ratio between mass transfer resistances inside
(diffusional) and at the sample surface (convective).
For estimating these coefﬁcients from experimental data of fruit
moisture during time, an optimization procedure was applied, in
order to minimize the difference between calculated and observed
values, using an increment step of 0.01  1010 m2 s1 for DX .
2.5.2. Numerical solution
Eqs. (4)–(9) were solved numerically by the explicit ﬁnite differ-
ence method, as described by Patankar (1980). In order to discret-
ize these equations, the effective diffusion coefﬁcient was
considered constant. The moisture content dependence of the
effective diffusion coefﬁcient was given by Eqs. (10) and (11). DX
values were corrected at each iteration step considering the sample
moisture content at the immediately previous time step, for each
node of the computational mesh.
The parameters of Eqs. (10) and (11) were estimated according
to the methodology reported by Carcioﬁ et al. (2002). The moisture
values of the dehydrating curve were calculated by varying the
model parameters incrementally within a range, and the values
that minimized the Mean Square Error (MSE) (Eq. (15)) between
the values predicted by the model and the experimental data were
determined. The range and increments used for calculating the
parameters are presented in the Table 1. The errors of the param-
eters cannot be superior than the increment steps used in the
numerical simulations.
MSE ¼ 1
N  p
XN
n¼1
XpðnÞ  XeðnÞ
XeðnÞ
 2
ð15Þ
in which N is the number of experimental data, p is the number of
parameters, Xp is the moisture content predicted by the model, Xe is
the experimental moisture content.
2.6. Predictive ability of the diffusive models
The predictive ability of the (a), (b) and (c) approaches (Section
2.5) proposed to the diffusive model was evaluated for a set of
experimental data that was not used for estimating such coefﬁ-
cients. For this, new OD experiments were performed using theTable 1
Parameters estimated by ﬁtting the numerical solution to the experimental
dehydration curves of 5 mm thick banana slices.
Parameter Range Increment step Best value
DX 0.1–10.0  10–10 0.1  1010 3.6  1010
a 0.01–10.00  1010 0.01  1010 0.10  1010
b 0.01–10.00  1010 0.01  1010 1.99  1010
c 0.01–10.00  1010 0.01  1010 0.81  1010
d 0.01–10.00  1010 0.01  1010 9.00  1010same process conditions (65 Brix and 60 C), but with samples
of banana with a different thickness, i.e., 10 mm. An average error
(E) between experimental data and predicted values was calcu-
lated by.
E ¼ 100XpðnÞ  XeðnÞ
XeðnÞ ð16Þ3. Results and discussion
3.1. Rate of WL, ML and SG
Fig. 3 shows the temporal evolution of water loss (WL), mass
loss (ML) and solids gain (SG) during OD of 5 mm thick bananas.
As expected for OD processes, WL was superior to SG. In the initial
phase of the OD process there was a signiﬁcant water transfer from
the fruit to the solution, caused by the big differences of osmotic
pressure. The greatest solids gain was 9.3%, observed after 10 h
of treatment. Afterwards, transfer of water and solids was not
detectable, which may be attributed to the lower osmotic pres-
sures differences and to some shrinkage of the fruit structure after
long-term osmotic treatment at relatively high temperatures (Shi
et al., 1995; Nowakunda et al., 2004).
According to Torreggiani (1993), the water loss in osmotic pro-
cesses of fruits and vegetables is more pronounced in the ﬁrst 2 h.
Nowakunda et al. (2004) studied the OD of banana slices with
10 mm in thickness using sucrose solutions with different concen-
trations (45, 55 and 65 Brix), at different temperatures (30, 40 and
50 C). These authors reported that after 2 h the most of the sample
initial water was removed for all investigated conditions. After this
ﬁrst stage, the rate decreases considerably, toward the equilibrium.
In the present work, 60% of WL was reached after the ﬁrst hour,
while 80% of the WL was reached after 2 h of OD.
Fig. 4 shows the evolution of the water activity of banana sam-
ples during the OD process. Intermediate-moisture foods (IMF)
have moisture content ranging between 15% and 50%, and water
activity between 0.65 and 0.85–0.90 (Chirife and Buera, 1994; Fel-
lows, 2000). After 3 h of OD the water activity of the samples was
less than 0.85, classifying them as IMF and showing that OD was an
efﬁcient pre-dehydration technique for this fruit.
3.2. Determination of effective diffusion coefﬁcients
3.2.1. From the analytical solution
Table 2 presents the values of the average diffusion coefﬁcients
of water through the samples (DX) for different ranges of moistureFig. 3. Evolution of water loss (WL), mass loss (ML) and solids gain (SG) during
osmotic dehydration of bananas. (65 Brix and 60 C).
Fig. 4. Time evolution of water activity (aw) of 5 mm thick banana slices during the
osmotic treatment.
Table 2
Diffusion coefﬁcients of water in banana during the osmotic
dehydration, calculated from different time intervals (immersion
times) by using the analytical solution.
Moisture content
(kg kg1)
Process
time (h)
DX (1010 m2 s1)
2.88–1.33 1 3.98
2.88–0.93 2 3.96
2.88–0.78 3 3.19
2.88–0.68 4 2.89
2.88–0.64 5 2.55
2.88–0.59 6 2.38
2.88–0.53 7 2.45
2.88–0.49 8 2.45
2.88–0.48 9 2.25
2.88–0.47 10 2.12
Fig. 5. Osmotic dehydration curves of 5 mm thick banana slices: experimental data
and calculated by the analytical solution of the diffusive model, considering ﬁxed
values for the diffusion coefﬁcient.
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coefﬁcients obtained by the analytical solution ranged from
3.98  1010 m2 s1 to 2.12  1010 m2 s1 during the process,
decreasing monotonically with the fruit moisture reduction.
During the osmotic process a non-uniform moisture gradient is
developed and the effective diffusivity is not constant, i.e., varies
with the position inside the sample and time of dehydration (Rast-
ogi et al., 2000; Mercali et al., 2011). It was observed lower values
of the diffusion coefﬁcients with decreasing moisture content of
the samples. This result is also caused by the incorporation of sol-
ids (sucrose) and possibly to the denaturation of the cell walls by
the relatively high temperatures.
This set of factors can cause a reduction of the fruit volume. It is
well known that the shrinkage phenomenon and the plasmolysis of
the fruit tissue cells decrease the effective diffusion coefﬁcient.
Atares et al. (2011) investigated the dehydration of banana slices
(5 mm thick and 23 mm diameter) in sucrose solutions (45, 55
and 65 Brix) for 4 h at different temperatures (30, 40 and 50 C).
They observed that signiﬁcant reductions of samples volume oc-
curred when higher concentrations of sucrose and higher temper-
atures were used. Singh et al. (2007) investigated the dehydration
of carrot cubes in ternary solution (water/sucrose/NaCl). They re-
ported that during the OD process it was observed a decrease of
the effective diffusion coefﬁcient of water in the samples, due to
both, the decreasing of the moisture content and to the increasing
of solids content. Despite these observations, the authors assumed
an average value of the diffusion coefﬁcient to represent the mass
transfer.Besides the changes in moisture content, the state of the cell
membrane may change from partially permeable to completely
permeable, causing signiﬁcant changes in tissue structure. The
most likely cause of cell damage can be attributed to the reduction
of cells size, caused by the loss of water during the OD (Rastogi and
Raghavarao, 2004; Rastogi et al., 2005). These cellular changes can
modify the water path during the dehydration and, as a conse-
quence, change the value of the effective diffusion coefﬁcient.
Mercali (2009) studied the osmotic dehydration of banana (Pra-
ta variety) in ternary solution (water/sucrose/NaCl) at different su-
gar concentrations and different temperatures (25–55 C). The
author reported the average values of the effective diffusion coef-
ﬁcient of water ranging from 5.19  1010 to 6.47  1010 m2 s1.
Rastogi et al. (1997) investigated the osmotic dehydration of bana-
na (Cavendish variety) in sucrose solutions (40–70 Brix) at tem-
peratures of 25, 35 and 45 C. They reported diffusion coefﬁcients
of water varying between 2.43  1011 and 8.50  1010 m2 s1.
These differences between the diffusion coefﬁcients of the ‘‘same
fruit’’ can be explained by the different methodologies employed
and by the use of different varieties of bananas and degrees of
ripening.
Fig. 5 presents experimental data and simulated dehydration
curves of 5 mm thick banana slices, calculated by the analytical
solution of the diffusive model (Eqs. (12) and (13)), considering
three values for the diffusion coefﬁcient deﬁned as DX , i.e., the
highest (3.98  1010 m2 s1), the lowest (2.12  1010 m2 s1),
and the median (3.05  1010 m2 s1) values. MSE values of 0.028
(highest DX), 0.052 (lowest DX) and 0.011 (median DX) indicated
that the coefﬁcients ﬁtted well the experimental data, and that
the median value of the effective diffusion coefﬁcient leads to
the best prediction of the whole dehydration curve. However, de-
spite showing low MSE values, no value of the effective diffusion
coefﬁcient was able to represent the dehydration curve with the
same accuracy throughout the whole process. As previously dis-
cussed, the decrease of free water, the increase of solids, and the
structural changes (shrinkage) reduce the effective diffusion coef-
ﬁcient. Thus, the use of the median value of the effective diffusion
coefﬁcient led to an overestimation of the moisture content at the
beginning of the process and to an underestimation of the ﬁnal
moisture content of the samples.3.2.2. Numerical solution
The ﬁtting of the numerical solution of the diffusive model to
the experimental data of OD of samples banana 5 mm thick al-
lowed estimating the average diffusion coefﬁcient (D) and the
Fig. 6. Osmotic dehydration curves of 5 mm thick banana slices: experimental data
and numerical solution considering three different approaches for the effective
diffusion coefﬁcient: median value (D), linear moisture content dependence (Eq.
(10)), and exponential moisture content dependence (Eq. (11)).
Fig. 7. Predictive ability of the diffusive model using experimental data of osmotic
dehydration of 10 mm thick banana slices, not used for estimating the diffusion
coefﬁcients. It was solved considering four different approaches for the effective
diffusion coefﬁcient: median value (D), linear moisture content dependence (Eq.
(10)), exponential moisture content dependence (Eq. (11)), and the median value as
found by the analytical solution (DX ).
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(DX). The value of D, as well as the parameters estimated for Eqs.
(10) and (11) are shown in Table 1.
Fig. 6 presents the comparison between experimental data of
moisture content during the OD and the values obtained by the
best numerical ﬁtting, using DX as both, a linear function and an
exponential function, or taking the average value (D). The consid-
eration of the exponential behavior for DX resulted in an
MSE = 0.002, which is slightly smaller than those obtained by the
use of linear behavior, MSE = 0.004, and by using the average value,
MSE = 0.018.
Thuwapanichayanan et al. (2011) studied the convective drying
of bananas (at 70, 80, 90 and 100 C and air velocity of 1.3 m s1)
and represented the decreasing of the effective diffusion coefﬁcient
during drying by an exponential function. Although common in
studies of food drying, it is not common the use of diffusion coef-
ﬁcient varying as function of the product moisture during the OD
of fruits or vegetables. The results of the present study indicated
that the consideration of the exponential behavior for the diffusion
coefﬁcient of water in bananas subjected to osmotic dehydration is
appropriate.3.3. Predictive ability of the diffusive model – a comparative analysis
It is important and necessary to evaluate if the model is able to
predict the mass transfer for other situations. In the present case
the model should be able to predict the dehydration curve of bana-
nas, using the values of the effective diffusion coefﬁcients
determined experimentally. For that, experimental data of time–
moisture evolution of 10 mm thick banana slices during the OD
(data not used to estimate the diffusion coefﬁcients) were used for
evaluating the predictive ability of the models.
Fig. 7 presents the experimental curve and the analytical solu-
tion taking the median value of the diffusion coefﬁcient (DX =
3.05  1010 m2 s1) and the numerical solution using the average
diffusion coefﬁcient (D = 3.60  1010 m2 s1) and the diffusion
coefﬁcient as a function of the sample moisture content (linear
DX function, Eq. (10), and exponential DX function, Eq. (11)).
The MSE values calculated from predicted and experimental
data were 0.011, using the D coefﬁcient; 0.008, using the DX coef-
ﬁcient with linear behavior (Eq. (10)); and 0.007 using the DX coef-
ﬁcient with exponential behavior (Eq. (11)). For the coefﬁcientdetermined by analytical solution (DX = 3.05  1010 m2 s1) the
MSE value was 0.035.
Effective diffusion coefﬁcients with exponential and linear
moisture content dependence had E = 7% and E = 8%, respectively,
while the use of the median value (DX = 3.05  1010 m2 s1) had
E = 10%. These results showed that all models had good predictive
ability. However, coefﬁcients that consider the variation of the
effective diffusion coefﬁcient with the moisture content (DX) have
greater prediction capacity, and the prediction is more accurate all
over the dehydration curve.
4. Concluding remarks
The model formed by the diffusion equation with a moisture
dependent diffusion coefﬁcient is the best approach to be used
for predicting osmotic dehydration of banana. Further studies
applying this approach on other products and experimental condi-
tions are important to consolidate this approach.
The diffusive model can help the process design and the plan-
ning of osmotic dehydration experiments with samples of different
sizes and geometries. Besides, numerical simulations allow the
estimation of mass variations and the prediction of the times for
takeout samples to be analyzed.
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